Introduction
Infection is associated with a systemic inflammatory response. The severity of the clinical status, ranging from sepsis to severe sepsis to septic shock, depends on the virulence of the pathogen, the use of appropriate antibiotherapy, underlying diseases, and genetic polymorphisms. The frequency and mortality of sepsis in intensive care units are still high. During sepsis, enhanced levels of numerous makers can be detected in the bloodstream as a testimony of the systemic inflammatory response. Usually, the highest levels of these markers correlate with the poorest outcome; however, this correlation does not prove that they are the active mediators responsible for sepsis syndromes. This review focuses on mediators rather than markers. Experiments with neutralizing agents (ie, antibodies, antagonists, drugs) or the use of transgenic or gene-targeted mice (either overexpressing the molecule or knockout [KO] for the gene of a given mediator or its receptor) have helped to define the involvement of each individual molecule in the occurrence of sepsis syndromes.
Complement System
The complement system plays a pivotal role during sepsis. The major purpose of the activation of the complement system through its three pathways is to remove and/or destroy pathogens. However, some of the derived compounds released after activation of complement favor the inflammatory process, as illustrated by their ability to increase vascular permeability and contribute to granulocyte and monocyte recruitment within inflamed tissues.
Anaphylatoxins C3a and C5a are involved in infection control and inflammatory regulation. Both pro-and anti-inflammatory properties have been attributed to C3a [1] . Anaphylatoxin C5a favors the synthesis and release of proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin (IL)-1 , IL-6, and IL-8 from human leukocytes [2] , and it can enhance phagocytosis, induce oxidative burst, and favor the release of granular enzymes from neutrophils. In the lung, C5a enhances inflammatory response, particularly by its action on alveolar epithelial cells. C5a has also been found to be a vasodilator, to enhance the expression of adhesion molecules, and to activate the coagulation system. Furthermore, C5a has a major role in cardiac dysfunction during sepsis, participating in septic cardiomyopathy [3•] . Excessive production of C5a may compromise the host defenses, and high levels of plasma C5a in sepsis patients correlate with poor outcome [4••] . In some models of shock, C5-deficient animals are more resistant to the effects of TNF and lipopolysaccharide (LPS) infusions than controls. Studies of sepsis in animal models have shown that blockade of C5a attenuates physiologic perturbations and prevents the development of acute respiratory distress syndrome and multiple organ failure. After cecal ligation and puncture (CLP), a model of peritonitis and sepsis, an increased expression of C5a receptor occurs in most tissues including lungs, liver, kidneys, and heart. Most importantly, blockade of C5a receptor is highly protective [4••] .
C4 or C3 KO mice are more susceptible to endotoxin, with an increased consumption of C1q inhibitor. C1q inhibitor is a plasma glycoprotein, which participates in both complement regulation and contact system activation. Interestingly, supplementation with C1q inhibitor prevents endotoxin-induced increase of vascular permeability [5] and protects against LPS-induced mortality. In addition, C1q inhibitor protects mice by interacting directly with LPS [6] . Thus, despite the fact that circulating inactivated form of C1q inhibitor is increased in sepsis and is associated with a pejorative evolution of sepsis, animal models have suggested a protective role of this molecule.
Coagulation and Fibrinolysis
Disorders of coagulation are common in sepsis, and 30% to 50% of patients with the most severe clinical form have disseminated intravascular coagulation. Tissue factor is the link between inflammation and coagulation. It interacts with factor VII and increases the production of fibrin through activation of prothrombin in thrombin. In healthy volunteers challenged with LPS and patients with sepsis, tissue factor expression is enhanced, and its increased membrane expression on monocytes appears as a prognostic factor of poor outcome in sepsis [7] . Factor VII strongly colocalizes with tissue factor, which correlates with fibrin deposition, mainly at the vascular bifurcations. Thrombin signaling in endothelial cells results in changes in cell shape, cell permeability, proliferative response, and leukocyte adhesion. Thrombin is inactivated by antithrombin, but during sepsis, levels of antithrombin are reduced. Numerous animal models of sepsis have revealed beneficial effects of antithrombin. Factor XIII is involved in fibrin stabilization. Whereas factor XIII subunit A and its cross-linking are decreased in septic patients, the specific activity of factor XIII is increased in these patients [8] . Neither subunit A nor cross-linking activity is associated with patient severity; nevertheless, specific activity of factor XIII is strongly associated with severity and fatality in the septic group [8] .
The study by Bernard et al. [9] opened a new area of investigation when it showed that activated protein C (APC) displays beneficial effects in human septic shock. However, controversies currently exist regarding the interest of this molecule. Protein C is synthesized by the liver and circulates as an inactive zymogene. During sepsis, protein C synthesis is reduced, and endothelial shedding is associated with a decrease in thrombomodulin expression. These phenomena lead to a significant decrease in APC, which eventually results in a prothrombotic state. Decreased levels of protein C during sepsis are associated with a poor outcome in patients [10] . It has been postulated that protein C plays a central role in linking inflammatory and coagulation processes. APC seems to possess anti-inflammatory properties and counteract fibrinolysis inhibition.
Although coagulation is increased during sepsis, the mechanisms that favor fibrinolysis are reduced. Thrombinactivatable fibrinolysis inhibitor (TAFI) is an inhibitor of the fibrinolytic system. TAFI is able to inhibit C3a and C5a. In mice, injection of LPS or Escherichia coli induces an enhanced plasma TAFI activity. On the other hand, TAFI deficiency modifies neither coagulation markers during sepsis nor fibrin deposition in liver and lung tissue. However, TAFI-deficient mice are protected from liver necrosis during peritonitis. In humans, TAFI was shown to be decreased in plasma from healthy subjects injected with LPS [11] . Plasminogen activator inhibitor-1 is another inhibitor of fibrinolysis, which acts by inhibiting the transformation of plasminogen into active plasmin. Sepsis is associated with increased levels of plasminogen activator inhibitor-1, which seem to be a pejorative factor in patients with sepsis complicated by intravascular coagulation [12] but a good prognosis marker during pneumonia [13] .
Cytokines, Chemokines, and Growth Factors
Among effector molecules, cytokines play a central role in the initiation of the inflammatory response. Cytokines and chemokines are produced in response to pathogens and endogenous alarm signals ("alarmins"). They allow communication, coordination, and activation of immune cells that are a prerequisite to fight infection. However, they also contribute to the pathogenesis of endotoxinemia or septic shock. In septic patients, cytokines are produced in excess and are therefore detectable in the blood, where they are normally absent [14] . Yet, circulating cytokines are only the tip of the iceberg [15] .
IL-1 and TNF play a synergistic role in orchestrating the inflammatory response. TNF and IL-1 enhance procoagulant activity of vascular endothelial cells, activate neutrophils, and increase gene expression for adhesion molecules, which in turn can worsen tissue injury during sepsis. TNF has been shown to contribute to mortality in animal models with either gram-positive or gram-negative bacteria [16] , and numerous studies in animal models have established that neutralization of TNF was beneficial before injection of LPS or bacteria. However, it is worth mentioning that the major role of TNF in LPS-induced mortality in TNF-KO mice was only achieved when LPS was injected together with the hepatotoxic agent galactosamine [17] .
Injection of LPS administered to IL-1 -deficient mice produced similar observations as in wild-type mice, probably because other IL-1-like cytokines (ie, IL-1 , IL-18, IL-33) can compensate for the absence of IL-1 . Indeed, in contrast, in the absence of caspase-1, the maturation enzyme required to get biologically active IL-1 , IL-18, and IL-33, mice are resistant to endotoxic shock. Sepsis or LPS injection in healthy volunteers led to detectable levels of circulating TNF and IL-1 in plasma. TNF and IL-1 levels are poorly associated with outcome in septic patients, although the long-lasting presence of detectable circulating TNF levels correlates with mortality. In meningococcal sepsis, plasmatic levels of TNF correlate with pejorative prognosis [18] .
IL-12 is a heterodimeric cytokine made of p40 and p35 chains. IL-12 shares with IL-18 the capacity to induce the production of interferon (IFN)-. IL-12 is known to play a major role in defense against bacterial infection, and IL-12 deficiency decreases resistance to polymicrobial sepsis due to CLP [19] . Neutralization of IL-18 protected mice against lethal E. coli or Salmonella typhimurium endotoxemia [20] , and IL-18-deficient mice showed decreased sensitivity toward LPS-induced shock [21] . IFN-possesses well-known proinflammatory and antibacterial properties. Particularly, IFNenhances phagocytosis and free radical production and increases bactericidal activity of macrophages and neutrophils. However, blockade of IFN-is associated with a better prognosis in animal models of sepsis and is associated with a decreased bacterial load and lower systemic inflammation [22] . This phenomenon was partially attributed to an increase in fibrin deposition that could be a protective factor against pathogen dissemination [22] . Echtenacher et al. [23] showed that concomitant injection of IFN-at the time of CLP increases lethality. Indeed, simultaneous injection of a nonlethal dose of IFN-together with a nonlethal dose of LPS or TNF induces lethality. Of note, IFN-is known to be an effective inducer of high mobility group box-1 (HMGB-1) protein production and release by monocytes/macrophages in vitro (see later discussion). In a CLP model of sepsis, inhibition of IFN-is associated with decreased HMGB-1 expression in the peritoneum and increased survival of animals [24] .
IL-23 shares with IL-12 its p40 subunit. IL-23 is involved in chronic inflammatory response to infection that involves adaptive immune cells. Interestingly, IL-23 seems to be produced early in response to Pseudomonas aeruginosa, and its blockade by antibodies is associated with dose-dependent improvement in survival [25] . Similarly to IL-23, IL-27 is a heterodimeric cytokine made of an IL-12 p40-related Epstein-Barr virus-induced gene 3 (EBI3) and a p28 chain. IL-27 mRNA is expressed after CLP in lungs and spleen. EBI3-deficient mice are resistant to CLP-induced lethality, and neutralization of IL-27 protects from sepsis [26•] .
Macrophage migration inhibitory factor (MIF) is produced in response to TNF and IFN-and more surprisingly also in response to glucocorticoids. MIF is preformed within leukocytes and can also be produced by the pituitary gland. MIF directly or indirectly promotes the production or expression of a large panel of proinflammatory cytokines. MIF-deficient mice display a significant improvement in survival after a challenge with either LPS or Staphylococcus aureus enterotoxin B. During peritonitis, MIF increases rapidly in the peritoneum, and its inhibition protects mice from death [27] . In a twohit model, with pancreatitis followed by an injection of endotoxin, MIF is associated with a pejorative evolution of acute lung injury [28•] . Increased levels of MIF have been detected in the blood of patients with severe sepsis or septic shock and correlate with severity [27] .
Chemokines control leukocyte trafficking during homeostasis and inflammation. Clinical studies identified elevated levels of both CXC (eg, CXCL8 [IL-8]), and CC chemokines such as CCL2 associated with human sepsis and acute lung injury. Elevated plasma levels of all chemokines but RAN-TES (regulated on activation, normal T-cell expressed and secreted; CCL5) correlate with poor outcome [14] . In a sepsis model, macrophage inflammatory protein-2 (CXCL2) increases severity, whereas blocking its activity decreases mortality. Similarly, CXCL-receptor inhibitor improves survival in sepsis [29•] and reduces HMGB-1-induced lung inflammation and injury. In a sepsis model of peritonitis, the neutralization of monocyte chemoattractant protein (MCP)-1 (CCL2) decreased the production of IL-13 and IL-12 and increased the production of TNF and IL-10. In an LPSinduced lethality model, administration of MCP-1 protected mice, whereas the neutralization of MCP-1 with antibodies increased mortality. Indeed, the relative contribution of chemokines to the pathophysiologic events associated with sepsis is linked to their capacity to recruit inflammatory cells within tissues. In contrast, their presence within the bloodstream may limit the inflammatory process by unpriming circulating cells to further chemoattractant signals.
So far, very little has been demonstrated concerning the role of growth factor in sepsis, except for the vascular endothelial growth factor (VEGF). Yano et al. [30•] showed increased levels of VEGF in patients with sepsis. They also demonstrated that an overexpression of soluble Flt-1 (VEGF receptor) limited inflammatory markers in a mouse model of endotoxemia and increased survival after CLP or LPS injection.
Proteases
During sepsis, proteases are released by activated leukocytes and play an important role in inflammatory host response. Their role seems dependent on the pathogen. For example, mice deficient for elastase are more susceptible to gram-negative peritoneal infections, whereas no difference in mortality was shown during peritoneal gram-positive infection. On the other hand, elastase is associated with organ dysfunction, because its inhibition decreases this phenomenon [31] .
Among proteases, matrix metalloproteinases (MMPs) are known to be involved in tissue remodeling (ie, the degradation and remodeling of all components of extracellular matrix) and inflammatory processes. Among them, MMP-9 is of paramount importance during sepsis. Serum levels of MMP-9 have been shown to rapidly increase in an E. coli-induced bacteremia in baboons and following injection of endotoxin in healthy humans. These increases are observed not only in serum, but also in lung, liver, and peritoneal fluid in a CLP model of peritonitis [32] . Moreover, MMP-9 levels correlate with severity and mortality of sepsis in humans [33] . Interestingly, whereas MMP-9 deficiency protects mice against mortality in an endotoxin Table 1 
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Cytokines
Tumor necrosis factor IL-10 model, such a deficiency is associated with an enhancement of bacterial growth and bacterial dissemination following CLP [32] . Other enzymes can also contribute to the deleterious effects observed during sepsis (Table 1 ).
Lipid Mediators
Proinflammatory cytokines induce the synthesis of phospholipase A2 (PLA2), inducible cyclooxygenase-2, 5'-lipooxygenase, and acetyltransferase, which contribute to eicosanoids synthesis. Leukotrienes, 5'-lipoxygenase products, are increased in endotoxemic and septic animals. These factors promote inflammation, alter vasomotor tone, and increase blood flow and vascular permeability. Blocking the synthesis of leukotrienes or using 5'-lipoxygenasedeficient mice allowed researchers to demonstrate the deleterious effect of this eicosanoid in a mouse sepsis model [34] . Mice deficient in PLA2 are resistant to endotoxin, and in vivo inhibition of PLA2 decreases neutrophil infiltration of the lungs and deterioration of gas exchanges during endotoxin or zymosan challenge in mice. Cyclooxygenase-2-deficient mice are also resistant to endotoxin-induced inflammation and death [35] . Platelet-activating factor (PAF) is released by many cell types, such as platelets, endothelial cells, macrophages, and neutrophils. Blood levels of PAF are elevated during septic shock, whereas the activity of PAF-acetylhydrolase, its inhibitor, decreases in humans during experimental endotoxemia or sepsis [36] . Inhibition of PAF before endotoxin challenge in healthy humans is associated with a decreased intensity of symptoms and decreased proinflammatory cytokine levels. Conversely, transgenic mice that overexpress PAF are more susceptible to LPS challenge, but surprisingly, mice lacking PAF receptor display a similar susceptibility to endotoxin as their wild-type counterparts. In human sepsis, targeting PAF has failed to demonstrate any beneficial effects.
Nitric Oxide
Nitric oxide (NO) involved in sepsis is produced by inducible NO synthase (iNOS), an enzyme produced in response to endotoxin or inflammatory cytokines. Enhanced iNOS activity in inflamed tissues and vessel walls of sepsis patients has been demonstrated [37] . NO production has been involved in many pathophysiologic processes during sepsis or endotoxemia models, and NO is rendered responsible for multiorgan failure [38] . On the other hand, NO was shown to reduce neutrophil migration to infected tissues by inhibiting leukocyte rolling. iNOS-deficient mice showed a very high mortality rate after S. aureus infection or during polymicrobial sepsis [39] . iNOS deficiency is sometimes associated with improvement in metabolic perturbations, such as acidosis and hypotension [40] . In contrast, iNOS-deficient mice and the wild-type group have similar sensitivities to LPS. NO and coagulation are interrelated during inflammation and sepsis. Inhibition of iNOS was associated with a decrease in tissular plasminogen activator (tPA) drop. One of the major deleterious effects of NO is probably its ability to alter epithelial tight junction, responsible for the pulmonary, liver, and gut dysfunction in endotoxemic mice [41•].
Cellular Markers of Stress and Soluble Cell Surface Markers
HMGB-1 is a nuclear protein present in almost all eukaryotic cells, and it acts as a transcription factor-like protein regulating the expression of several genes. HMGB-1 is a late mediator in endotoxemia and sepsis [42] . Levels of HMGB-1 are correlated with severity during pneumonia in humans [43] and other sepsis. Passive immunization with neutralizing anti-HMGB-1 antibodies prevents lethality from sepsis, even when administrated 24 hours after the induction of peritonitis [42] . HMGB-1 mediates hepatic injury after murine liver ischemia reperfusion in a Toll-like receptor 4-dependent fashion [44] . Importantly, HMGB-1 appears to be the link between the occurrence of apoptosis, organ damage, and lethality in sepsis [45••] .
Triggering receptor expression on myeloid cells (TREM)-1 is expressed on the surface of monocytes and neutrophils. Its expression can be upregulated by LPS. Its ligand remains to be identified, but its activation leads to cell activation in synergy with different microbial-derived products [46] . This protein may be released from the cell surface, and large amounts of soluble TREM-1 are found in the body fluids of sepsis patients. Soluble TREM-1 has been suggested to be a marker of infection, although recent studies have questioned that specificity [47] .
CD163 is a hemoglobin scavenger receptor, which exists exclusively on monocytes and macrophages and which is shed after stimulation with LPS. Accordingly, the soluble form of CD163 is increased in plasma during sepsis. It plays a role in the anti-inflammatory response [48] , as do heat shock proteins released by stressed cells.
Lipoproteins and Lipopolysaccharide Inhibitors
Besides their function in lipid transport and metabolism, lipoproteins play a role during sepsis. LPS interacts with lipoproteins and is neutralized and shuttled to the liver. Apolipoprotein AE-deficient mice are more susceptible to LPS or Klebsiella pneumoniae challenge. As well, apolipoprotein AI can protect mice against mortality [49] .
CD14 exists as a membrane form and is part of the LPS receptor. It also exists as a soluble form known to favor the responsiveness to LPS of cells that lack membrane CD14. However, the role of soluble CD14 remains controversial. In a transgenic mouse model expressing different copy numbers of the human CD14 gene, it was shown that animals expressing the highest levels of soluble CD14 were less sensitive to LPS-induced lethality [50] .
In human sepsis, increased levels of circulating soluble CD14 correlates with mortality.
LPS-binding protein (LBP) is an acute phase protein, levels of which are enhanced during sepsis. Despite its ability to shuttle the LPS to CD14, LBP seems to protect mice from septic shock during gram-negative bacterial challenge, whereas LBP-deficient mice are more susceptible to Salmonella challenge than are wild-type mice. Bactericidal/permeability-increasing protein shares more than 40% homology with LBP. It attenuates LPS-mediated endothelial damage and IL-6 production, as well as LPSmediated NO, IL-1, IL-6, IL-8, and TNF production by macrophages or in whole blood.
Lactoferrin, lysozyme, hemoglobin, surfactant proteins A and D, and antimicrobial cationic peptide (CAP18 and CAP37) also bind endotoxins and modify their capacity to initiate an inflammatory process.
Anti-inflammatory Mediators
Although sepsis is associated with a large production of proinflammatory cytokines within the area of infection, the systemic response could be principally an anti-inflammatory one [51] . Indeed, large amounts of anti-inflammatory cytokines can be found in the plasma of sepsis patients, with the highest levels often associated with the poorest outcome. They downregulate the production of proinflammatory cytokines, and they favor the release of soluble TNF receptors and the production of IL-1 receptor antagonist (IL-1Ra). These effects are evident for IL-10, IL-4, IL-13, transforming growth factor-, and IFN-. All have been shown to protect animals from sepsis or endotoxin-induced shock. However, they probably also contribute to the altered immune status observed in septic patients. High levels of soluble TNF receptor, soluble IL-1 receptor, and IL-1Ra are found in plasma of sepsis patients. IL-1Ra-deficient mice are highly susceptible to endotoxin-induced death, and conversely, mice that overexpress IL-1Ra are relatively protected. Unfortunately, human trials have failed to find any beneficial effects for IL-1Ra. IL-6 is probably one of the best markers of severity. It induces the release of cortisol, IL-10, IL-1Ra, and acute-phase proteins. Accordingly, it can be considered an anti-inflammatory cytokine. However, IL-6 also possesses some proinflammatory properties, as illustrated by its role in myocardial depression [52] .
Heme oxygenase (HO)-1 is induced by IL-10 and plays a protective role against oxidative stress. Compared to wild-type mice, HO-1-deficient mice are more sensitive to endotoxin. HO-1 has been shown to exert beneficial effects in ischemia/reperfusion and hemorrhagic shock models.
Angiopoietins are a class of angiogenic growth factors that act selectively on endothelial cells. Angiopoietin (Ang)-1 possesses anti-inflammatory properties reducing leukocyte-endothelial cell adhesion and transmigration, and it protects mice from endotoxin-induced mortality [53] . Ang-2 is another angiopoietin, which recognizes the same receptor as Ang-1 but antagonizes this latter molecule by blocking signal transduction. Ang-2 levels are also increased during sepsis in humans, and interestingly, these levels correlate with disease severity scores and with levels of inflammatory cytokines, C-reactive protein, and procalcitonin [54] .
Angiotensin converting enzyme (ACE)-2 inactivates angiotensin II and is a negative regulator of the reninangiotensin system. Interestingly, ACE-2 is involved in the limitation of lung injury during a peritonitis model of sepsis, in contrast with ACE-1, which seems to worsen lung disease in the same conditions [55] .
Adenosine acts on specific A2 receptors and inhibits numerous neutrophil functions such as phagocytosis, generation of superoxide anion, arachidonic acid release, leukotriene B4 biosynthesis, and adhesion to endothelial cells. Adenosine also inhibits IL-12 and TNF production by macrophages, and it seems to play a protective role against tissue damage. Finally, leptin, a homeostatic protein involved in body weight and satiety, has been shown to increase during LPS challenge, probably in response to IL-1 . Leptin has a protective role in mice injected with LPS or TNF [56] .
Neuromediators
Except substance P, neurokinins, and norepinephrine, most neuromediators dampen the inflammatory process. Substance P and neurokinin A derive from the preprotachykinin-A gene. Mortality due to CLP is decreased and the onset of mortality is delayed in preprotachykinin-A-deficient mice compared to wild-type mice [57] . Norepinephrine increases TNF production via 2-adrenergic receptors, whereas epinephrine via 2-adrenergic receptors decreases production of TNF, IL-6, and NO in response to LPS and potentiates IL-10 production [58] .
Adrenomedullin is a neuropeptide structurally related to corticotropin-releasing factor, which increases in response to LPS injection with an enhanced expression in both plasma and viscera. Adrenomedullin inhibits TNF expression [59] and stimulates IL-6 production by macrophages in response to LPS. Increasingly, observations have implicated the vagus nerve in the downregulation of inflammation. Borovikova et al. [60] established the key role played by acetylcholine and showed that the 7-nicotinic receptor contributes to the central modulation and integration of vagal regulation during inflammation. On the other hand, peripheral muscarinic receptors do not have such anti-inflammatory properties [61] .
Conclusions
Syndromes associated with sepsis are due to the infection itself as well as the host response to the pathogens. This response is mediated through a complex network of pro-and anti-inflammatory mediators. Although each proinflammatory mediator has its own potential deleterious effect, the synergy between them and with the microbial compounds is mainly responsible for the occurrence of organ dysfunction and eventually death. Numerous animal models have allowed the identification of the mediators contributing to the deleterious effects observed during sepsis. However, caution should be exercised, because the nature of the experimental model greatly influences the conclusions. Despite positive results in animal models, the therapeutic targeting of these mediators has been extremely disappointing in human settings. This disappointment does not mean that they are not involved in the syndromes associated with human sepsis. Indeed, because of the tremendous synergy that exists between all these mediators, the strategy of targeting one only molecule appears a bit too simplistic. On the other hand, the regulatory anti-inflammatory mediators may jeopardize the patient to a second infection. The control of sepsis as a way to respect inflammation equilibrium should be the main concept of therapeutic intervention in the future.
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